The aim of this study was to evaluate the analgesic effect of transcranial direct current stimulation of the motor cortex and techniques of visual illusion, applied isolated or combined, in patients with neuropathic pain following spinal cord injury. In a sham controlled, double-blind, parallel group design, 39 patients were randomized into four groups receiving transcranial direct current stimulation with walking visual illusion or with control illusion and sham stimulation with visual illusion or with control illusion. For transcranial direct current stimulation, the anode was placed over the primary motor cortex. Each patient received ten treatment sessions during two consecutive weeks. Clinical assessment was performed before, after the last day of treatment, after 2 and 4 weeks follow-up and after 12 weeks. Clinical assessment included overall pain intensity perception, Neuropathic Pain Symptom Inventory and Brief Pain Inventory. The combination of transcranial direct current stimulation and visual illusion reduced the intensity of neuropathic pain significantly more than any of the single interventions. Patients receiving transcranial direct current stimulation and visual illusion experienced a significant improvement in all pain subtypes, while patients in the transcranial direct current stimulation group showed improvement in continuous and paroxysmal pain, and those in the visual illusion group improved only in continuous pain and dysaesthesias. At 12 weeks after treatment, the combined treatment group still presented significant improvement on the overall pain intensity perception, whereas no improvements were reported in the other three groups. Our results demonstrate that transcranial direct current stimulation and visual illusion can be effective in the management of neuropathic pain following spinal cord injury, with minimal side effects and with good tolerability.
Introduction
Neuropathic pain affects $40% of patients following spinal cord injury (SCI) (Siddall et al., 2003; Widerströ m-Noga and Turk, 2003; Soler et al., 2007) and represents a highly disabling clinical condition. The injured spinal somatosensory circuitry is thought to generate aberrant nocioceptive impulses that are interpreted by the brain as pain (Yezierski, 2005) . Thalamic integrative circuits may also act as generators and amplifiers of nocioceptive signals (Hains et al., 2005, Waxman and Haines, 2006) . Sensory deafferentation after SCI induces profound and long-lasting reorganization of the cortical and subcortical sensory maps in the adult brain (Lotze et al., 2006; Kokotilo et al., 2009; Wrigley et al., 2009) . Pathophysiological consequences of such cortical plasticity may underlie the development of phantom sensations and pain (Moore et al., 2000; Lotze et al., 2001; Wrigley et al., 2009; Soler et al., 2010) . Strategies aimed at reversing or modulating the somatosensory neural reorganization after injury may be valuable alternative therapeutic approaches to neuropathic pain.
Examples of such approaches that have shown some promise for the treatment of neuropathic pain following SCI or limb amputation include the use of movement imagery (Gustin et al., 2008; Maclver et al., 2008) , mirror therapy (Ramachandran and Hirstein, 1998; Giraux and Sirigu, 2003; Chan et al., 2007) or 'virtual' mirror therapy (Moseley, 2007) . Long-term pain relief was achieved by repeated treatment sessions in which patients were given the visual illusion that they could move and use again their deafferented or missing limbs. Pain relief presumably involves correction of the incongruence between motor output and sensory feedback, and normalization of cortical somatosensory representation maps, induced by the visual input of movements of the paralysed/missing limbs (Ramachandran and Rogers-Ramachandran, 1996; Harris, 1999; Moseley, 2007) .
Mirror therapy may also contribute to modulate cortical and spinal excitability (Giraux and Sirigu, 2003; Stinear and Byblow, 2004; Garry et al., 2005; Funase et al., 2007; Sakamoto et al., 2009) .
Non-invasive cortical brain stimulation is another promising treatment for drug-resistant cases of neuropathic pain (Lefaucheur, 2004; Lefaucheur et al., 2004; Fregni et al., 2006) . The mechanisms of action remain nuclear, but transcranial direct current stimulation (transcranial DCS) over the primary motor cortex (M1) appears to modulate cortical excitability and can reduce the intensity of neuropathic pain following a 5-day treatment trial, with both effects remaining for some time after the stimulation (Fregni et al., 2006) .
We hypothesized that the beneficial effects of transcranial DCS and movement illusions might be synergistic. The main objective of this study was to evaluate the effects of transcranial DCS alone, visual illusion alone (in the mode of 'virtual walking illusion'), or the combination of both interventions (transcranial DCS + visual illusion) in patients with neuropathic pain following SCI.
Material and methods

Patients
Forty subjects with SCI evaluated at the Institute Guttmann Neurorehabilitation Hospital (Barcelona, Spain) between January 2007 and December 2008 (Table 1) were included in the study. The inclusion criteria were: (i) age over 18 years; (ii) chronic neuropathic pain at or below SCI level for at least 6 months following trauma or disease of the spinal cord; (iii) a pain intensity of at least 4 out of 10 in the numerical rating scale (NRS) at both screening (scored during the previous 24 h) and randomization; and (iv) stable pharmacological treatment for at least 2 weeks prior to the study and throughout the trial. SCI was classified using the International Standards for Neurological Classification of SCI according to neurological level (the most caudal segment of the spinal cord with normal sensory and motor function on both sides of the body) and the American Spinal Cord Injury Association Impairment scale (Marino et al., 2003) .
Persistent neuropathic pain was defined as chronic pain in an area of sensory abnormality corresponding to the spinal cord lesion. Pain did not have any primary relation to spasms or any other movement and had to have started after the SCI, be present for at least 6 months and be unresponsive to adequate medication trials. Patients with severe pain of other origin, such as musculoskeletal pain, were excluded (Siddall et al., 2003) . Other exclusion criteria were head trauma, alcohol or substance abuse and any other chronic medical conditions in which transcranial DCS is relatively contraindicated, such as pregnancy or epilepsy. We also excluded patients with evidence of depression (Beck Depression Inventory 414 points) (Beck and Steer, 1996) . The study protocol was approved by the Institutional Review Board of the Institut Guttmann and all patients gave written informed consent.
Clinical evaluation
Outcome measures were consistent with Initiative on Methods, Measurement and Pain Assessment in Clinical Trials (IMMPACT) guidelines (Dworkin et al., 2005) , and included measures of pain intensity, interference with function and global pain relief.
All patients underwent a structured interview to assess the clinical and phenomenological characteristics of the pain: location, descriptive characteristics, intensity and interference with activities of daily living, mood and sleep, as well as anxiety state.
All patients were evaluated at five time points: before treatment (baseline), at Day 14 (last day of treatment), at Day 24 (first follow-up) and at Day 38 (second follow-up) after initiation of treatment and finally, 12 weeks after treatment (third follow-up). The same researcher, who was blind to the treatment interventions, performed all clinical evaluations. A second researcher, who applied the interventions, remained blind to the findings of the clinical evaluation. Assignment of the patients to the treatment interventions was random, and patients remained blinded to their treatment condition and the specific hypotheses of the study.
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to 10 (unbearable pain). The following secondary outcome measures were used.
Neuropathic pain symptom inventory
This was used for the assessment of different symptoms of neuropathic pain (Bouhassira et al., 2004) . We explored the localization and temporal characteristics of pain in the region of sensory loss. We categorized the pain descriptors into four main types.
(i) Continuous pain (pain that the patient felt constantly or most of the day in the deafferented area). We asked the patient to characterize the pain offering three descriptors: burning or hot, oppressive and squeezing. (ii) Paroxystic pain (spontaneous brief crises of pain varying in duration and frequency during the day). This was described as shooting or electric current. (iii) Mechanical allodynia. This was evaluated by moving a soft brush lightly over the skin, within the area of worse pain. (iv) Dysaesthesia (sensation of tingling or pins and needles). The NRS was used for rating each of these categories. In the case of allodynia, the mean of three consecutive NRS measures was determined. A numerical quotation was also used for the evaluation of number of paroxysmal pain crises per day. Subtype of pain was evaluated according to the criteria defined by André -Obadia et al. (2008) .
Brief pain inventory
The subscales measure the interference with general activity, sleep, mood, enjoyment of life, walking ability, ability to work and perform daily tasks and relationship with other people (Cleeland and Ryan, 1994) . Subjects were asked to rate how their pain interfered with these items over the previous 24 h using the NRS. The score ranged from 0 (no interference) to 10 (complete interference). A modified version of the Brief Pain Inventory adapted for people with SCI was used in this study replacing 'walking ability' with 'ability to get around' (Bryce et al., 2007) .
Anxiety
This was measured on a NRS ranging from 0 (no anxiety) to 10 (worst anxiety).
Patient global impression of change
This was evaluated according to the method of Farrar et al. (2001) .
Adverse effects
These were evaluated using an open-ended question after each treatment session.
Experimental design
In this double-blind, placebo-controlled trial, patients were randomly assigned to one of four treatment groups: transcranial DCS + visual illusion group, transcranial DCS + control illusion (transcranial DCS group), transcranial DCS sham + visual illusion (visual illusion group) and transcranial DCS sham + control illusion (placebo group). We used a computer-generated list as randomization strategy. We assessed patient blinding at the end of the trial by asking each patient to guess which treatment they believed to have received. Each patient received 10 treatment sessions, 20 min each, during a period of 2 weeks (from Monday to Friday). All sessions were performed in the same quiet room, at approximately the same time of the day.
Transcranial direct current stimulation
Direct current was delivered from a battery-driven, constant current stimulator (NeuroConn, Germany) using saline-soaked surface sponge electrodes (35 cm 2 ). The anode was placed over C3 or C4 (EEG 10/20 system) to target the motor cortex (M1) and the cathode over the contralateral supraorbital area. This electrode position has previously been shown to enhance excitability of the primary motor cortex effectively (Nitsche and Paulus, 2001) and to induce pain relief (Fregni et al., 2006) . For patients with asymmetric pain, stimulation was applied to the M1 contralateral to the more painful hemibody. For patients with symmetric pain, the dominant hemisphere was stimulated. A constant current of 2 mA intensity was applied for 20 min. For sham stimulation, the electrodes were placed in the same positions as for real stimulation; however, the stimulator was turned off after 30 s of stimulation so that the subjects felt the initial itching sensation, but received no current for the rest of the stimulation period. This type of sham stimulation has been shown to blind subjects reliably (Gandiga et al., 2006) .
Visual illusion
We used the setup and protocol described by Moseley (2007) . During transcranial DCS (anodal or sham) the patients were sitting either in a wheelchair or in a normal chair, depending on their level of impairment, placed 2.5 m in front of a screen. After 5 min of real or sham transcranial DCS, a video was turned on, which was played on a portable computer and projected onto the screen in front of the patient. The video showed the legs of a person, either a man or a woman depending on the gender of the patient, walking on a treadmill. The video was continuously played for the remaining 15 min of the transcranial DCS session. The walking rhythm of the legs shown in the video changed in speed in a random manner to diversify the experimental condition and to hold the interest and prevent boredom of the patients. In order to induce the experience of realistic gait perception, a vertical mirror (150 cm Â 52 cm) was placed in front of the patients, on top of the screen, so that the mirror reflection of the upper part of the patient's own body was aligned as well as possible with the walking legs displayed on the screen. Thanks to this alignment, the patients could see themselves as if walking (in the mirror) (Fig. 1) . The patients were encouraged to imagine themselves walking and, if able, to move their arms and upper body in synchrony with the walking rhythm of the legs to increase the effectiveness of the visual illusion. A synchronized sound of walking steps, matching the walking rhythm of the legs on the video, was played via loudspeakers to enhance the realism of gait perception by the patient. Moseley (2007) provided evidence that a similar setup can induce realistic gait perception, movement perception in the paralysed limbs and pain relief in patients with SCI.
Control illusion
As a control condition for the visual illusion experience, we used a control illusion. We chose a movie containing graphical illustrations, faces or landscapes, but no images of human movement, specifically no gait actions. The control illusion covered an interesting topic so that the patients did not become bored or tired during the session. Instead of the video with the walking legs, the investigator turned on the control illusion for 15 min and the patient was told to simply watch and relax.
Statistical analyses
Categorical variables are given as percentages. Continuous variables are represented as mean and standard deviation. Each subtype of pain was evaluated only in patients who presented that kind of pain. For general pain perception, subtypes of pain and Brief Pain Inventory items, we calculated the percentage of change at each time point of evaluation in comparison to baseline.
Normal distribution was assessed with Kolgomorov-Smirnov test. Baseline homogeneity was compared by chi-squared tests for categorical data. For multiple group comparisons and Krusskall-Wallis tests between percentage changes among different groups comparison were used for multiple group comparison, followed by a MannWhitney U-test for two group comparisons; the non-parametric Wilcoxon t-test was used to compare the results after treatment and follow-up with baseline values. The significance level was set at P 0.05.
We correlated changes in pain (as indicated by change in the NRS score) with clinical characteristics, such as gender, SCI aetiology, level of the lesion, American Spinal Cord Injury Association Impairment scale classification (complete versus incomplete lesion) and time since SCI. The Pearson correlation coefficient was used to analyse the relationships between continuous variables. For categorical variables we dichotomized the mean pain changes into two groups and compared them using one-way ANOVA.
Results
Patient characteristics
Forty patients were randomly assigned to one of four study groups (transcranial DCS + visual illusion, transcranial DCS, visual illusion and placebo groups). Only three patients failed to complete the entire study. One patient with tetraplegia assigned to the visual illusion group requested to stop the trial after the second session due to increased pain in his arms. This might have been due to his attempts to move the arms during visual illusion. In addition, problems in his daily transportation to the hospital contributed to the decision to stop the participation in the study. One patient in the 'transcranial DCS + visual illusion' group and one in the placebo group dropped out at the second follow-up because they moved to another city.
Demographic variables and clinical characteristics related to the lesion and pain were similar in all four groups of patients. Clinical characteristics of the patients are summarized in Table 1 . The mean age was 45 years [standard deviation (SD) = 15.5; range 21-66 years]. When we analysed the types of medications, no difference was found in the distribution of pharmacological treatments among the four groups.
General pain perception
As illustrated in Fig. 2A , baseline scores of pain intensity evaluated with the NRS were similar in the four groups (P = 0.340). Table 2 summarizes the main outcomes for all the study groups across the various time-points of evaluation. The primary outcome measure, the degree of change in pain assessed by the NRS, revealed a significant effect of intervention ( Fig. 2B and C) . After the last day of treatment, the NRS of pain perception was reduced by 29.7% with respect to baseline in the transcranial DCS + visual illusion group, a significant reduction compared to visual illusion (P = 0.008) and placebo groups (P = 0.004). At the first follow-up, the pain reduction was significantly greater in the transcranial DCS + visual illusion than in the other three study groups: visual illusion (P = 0.008), transcranial DCS (P = 0.05) and placebo (P = 0.009) groups. At the second follow-up, there was no difference between groups (P40.4), but at the last follow-up (12 weeks) the percentage of improvement was again significantly different between four groups (Kruskal-Wallis; P = 0.047). Specifically, patients in the transcranial DCS + visual illusion group showed greater maintenance of improvement than those in the transcranial DCS (Mann-Whitney U; P = 0.052) or visual illusion groups (Mann-Whitney U; P = 0.053).
Within each group, a statistically significant reduction in the NRS for pain was found in the transcranial DCS + visual illusion group at the last day of treatment (P = 0.007) and the three follow-up evaluations in comparison to baseline values (P50.04: Table 2 ). In the visual illusion group, patients revealed significant improvement in neuropathic pain intensity after the last day of treatment (P = 0.02), but this effect was not maintained at the follow-up visits in comparison to baseline (P40.5). Transcranial DCS and placebo groups did not show any significant changes (Fig. 3) .
Regarding individual patient changes, it is noteworthy that three patients in the transcranial DCS + visual illusion group responded better than the best responder of the placebo group. This result appears identical in the transcranial DCS alone group (where three patients also showed such an improvement). However, in this group, two patients experienced notable worsening of the pain during the study. When considering a 30% improvement as a categorical effect size (Farrar et only 30% of patients in the transcranial DCS + visual illusion group and 30% in the transcranial DCS group reached this level of neuropathic pain amelioration (Fig. 2C) . Another four patients in the transcranial DCS + visual illusion group (but none in the transcranial DCS group) had an improvement between 20 and 30%. In order to explore this observation further, we calculated 95% confidence intervals (CI) of overall pain intensity perception for the placebo group and analysed findings in the other groups against these reference CI. Among the patients in the transcranial DCS and visual illusion groups, 30% had a better response than the upper CI, whereas in the transcranial DCS + visual illusion group 80% of the patients showed such a favourable outcome (Fig. 2C) .
Relation between general pain changes and disease characteristics
We did not find any correlation between general pain change and age at the time of injury, age at the time of study or time since SCI. There were no significant differences in general pain change according to gender, type of SCI aetiology (medical or traumatic), level of the SCI (lumbar, thoracic or cervical) or SCI severity (complete or incomplete) for the whole population of patients included in the study.
Changes in subtypes of neuropathic pain
Whereas most patients (29 of 39) complained of continuous pain, 22 patients also reported paroxysmal pain, 26 mechanical allodynia and 26 spontaneous dysaesthesias. There were no significant differences between groups regarding the severity of these subtypes of neuropathic pain symptoms, except dysaesthesias, which were more severe at baseline in the transcranial DCS + visual illusion and visual illusion groups than in the transcranial DCS and placebo groups (P50.05) ( Table 2) .
Continuous pain
The percentage of change in continuous pain score did not show any significant difference between the four groups at any time point of evaluation (P40.06).
Within group changes over time revealed a significant effect of transcranial DCS + visual illusion, transcranial DCS and visual illusion treatments on amelioration of continuous pain scores after the last day of treatment (P = 0.041, 0.012 and 0.018, respectively), but this effect was not maintained at the first and second follow-up examinations in any of the groups (P40.08).
Paroxysmal pain
After the last day of treatment, the percentage change in paroxysmal pain was significantly greater in the transcranial DCS + visual illusion group compared with the placebo group (P = 0.048), but not compared with the transcranial DCS (P = 0.75) or visual illusion (P = 0.28) groups. The same comparison with the placebo group was still significant at the first follow-up (P = 0.008), but not at the second follow-up.
When the change in paroxysmal pain was compared at each time point within each group, there was a significant improvement in the transcranial DCS + visual illusion (P = 0.02) and transcranial DCS (P = 0.007) groups comparing baseline values. The effect maintained at the last day of treatment and the first and second Transcranial DCS + visual illusion group Overall pain 7.5 AE 1.2 5.2 AE 1.5* 5.3 AE 1.4* 5.5 AE 1.8* Continuous pain (n = 8) 7.0 AE 2.5 4.6 AE 2.4* 5.0 AE 2.3 5.3 AE 0.8 Paroxysmal pain (n = 7) 8.5 AE 2.3 3.3 AE 2.6* 5.3 AE 2.3* 5.5 AE 3.2* Allodynia (n = 7) 5.9 AE 2.8 2.6 AE 2.4* 1.7 AE 2.1* 2.8 AE 3.3 Dysesthesia (n = 9) 6.8 AE 1.7 5.0 AE 1.7* 5.3 AE 1.7* 5.1 AE 1.8* Transcranial DCS group Overall pain 6.3 AE 2.0 5.3 AE 2.6 6.1 AE 2.5 5.9 AE 2.3 Continuous pain (n = 8) 7.0 AE 3.5 4.1 AE 3.5* 5.9 AE 4.1 5.1 AE 3.9 Paroxysmal pain (n = 6) 8.8 AE 1.5 4.5 AE 3.1* 6.0 AE 3.7* 6.7 AE 3.3* Allodynia (n = 5) 5.5 AE 2.6 5.0 AE 2.4 5.3 AE 2.1 6.3 AE 3.5 Dysesthesia (n = 4) 4.3 AE 1.0 4.5 AE 1.3 4.5 AE 1.0 3.0 AE 2.6 Visual illusion group Overall pain 7.2 AE 1.6 6.4 AE 1.6* 7.2 AE 1.5 7.1 AE 1.4 Continuous pain (n = 7) 8.4 AE 1.5 4.9 AE 1.9* 7.6 AE 2.4 8.4 AE 2.3 Paroxysmal pain (n = 4) 8.0 AE 1.4 5.7 AE 1.5 6.7 AE 1.7 6.7 AE 1.2 Allodynia (n = 6) 6.8 AE 2.5 4.6 AE 1.9 6.6 AE 2.3 6.0 AE 3.5 Dysesthesia (n = 5) 7.4 AE 1.8 4.4 AE 2.7* 6.2AE 1.5 5.4 AE 1.8* Placebo group Overall pain 7.1 AE 1.5 6.6 AE 1.9 6.4 AE 1.9 6.6 AE 1.8 Continuous pain (n = 6) 7.0 AE 1.5 6.5 AE 1.9 6.2 AE 2. Daily number of pain crises decreased significantly in the transcranial DCS + visual illusion group after treatment and at first follow-up in comparison to baseline (12.8 AE 14.1 at baseline; 4.3 AE 6.1 last day of treatment; 4.6 AE 3.1 first follow-up; P50.02), but not at the second follow-up (7.6 AE 9.0). In the group with transcranial DCS, the number of pain crises was significantly reduced after treatment (P = 0.045) but not at the first and second follow-up visits (6.1 AE 7.8 baseline; 3.1 AE 6.1 last day of treatment; 4.2 AE 6.3 first follow-up; 4.2 AE 6.1 second follow-up). The visual illusion and placebo groups did not reveal significant changes in the frequency of pain crises.
Mechanical allodynia
At the last day of treatment and the first follow-up, the percentage changes in mechanical allodynia were not significantly different between the four groups (Kruskal-Wallis; P = 0.16 and 0.24). At the second follow-up, the percentage reduction of mechanical allodynia was significantly greater in the transcranial DCS + visual illusion compared with the visual illusion (P = 0.05) and the placebo (P = 0.009) groups.
Within group changes, only the transcranial DCS + visual illusion group showed a significant improvement the last day of treatment and at the first follow-up in comparison to baseline (P50.02 at each time point) ( Table 2) .
Dysaesthesias
The percentage changes in dysaesthesias were not significantly different between the four groups at last day of the treatment and first follow-up (Kruskal-Wallis; P40.1), but at the second follow-up, the improvement in dysaesthesias was significantly greater in the transcranial DCS + visual illusion group (P = 0.04) and in the visual illusion group (P = 0.03) compared to the placebo.
Within group comparisons indicated that the transcranial DCS + visual illusion group had a significant improvement in dysaesthesias at the last day of the treatment, first and second follow-up visits (P = 0.03) as compared with baseline. The visual illusion group showed a significant improvement at the last day of the treatment and the second follow-up (P = 0.04).
Interference with activities of daily living due to changes in pain
The mean scores from the Brief Pain Inventory questionnaire of each of the four groups at the evaluated time points are shown in Table 3 . In general, the transcranial DCS + visual illusion group showed the highest improvement at the end of the treatment and during the follow-up. At the last day of the treatment, there were significant improvements in the percentage changes of enjoyment in the transcranial DCS + visual illusion group compared to the transcranial DCS group (P = 0.04), and in the percentage changes in the ability to get around, the ability to work and perform daily tasks, the relationships with others, the interference of pain in sleep and enjoyment in the transcranial DCS + visual illusion group compared to the visual illusion group (P 0.05 for all comparisons). At the first follow-up this improvement was maintained in the ability to work and perform daily tasks and in enjoyment in the transcranial DCS + visual illusion group compared to visual illusion group (P 0.05). At the second follow-up, the ability to get around continued to be better in the transcranial DCS + visual illusion group than in the visual illusion group (P = 0.05).
When comparing the transcranial DCS + visual illusion group with the placebo group, we found significant improvements in the percentage changes in mood, the ability to work and perform daily tasks, interference of pain in sleep and enjoyment at the last day of the treatment (P 0.05 for all comparisons), in general activity, ability to get around, the ability to work and perform daily tasks, interference of pain in sleep and enjoyment at the first follow-up (P50.05).
Group transcranial DCS also showed more improvement in the ability to get around than visual illusion group (P = 0.04) on the last day of the treatment, and greater improvement in general activity at the second follow-up than the visual illusion (P = 0.006) and placebo (P = 0.01) groups. At the last day of the treatment, there was significant improvement in the percentage changes in interference of pain in sleep in the visual illusion group than the placebo group (P = 0.05) (Table 3) .
When changes in each parameter along time, within each group were compared, patients in the transcranial DCS + visual illusion group showed significant improvement with respect to baseline in pain interference with general activity and the ability to work and perform daily tasks at the three time-points of evaluation. There was also a significant beneficial effect on the interference of pain with sleep, the ability to get around and enjoyment of life in this group at the last day of treatment and the first follow-up as compared with baseline.
In the transcranial DCS group, the general activity and the ability to get around in relation with pain interference improved significantly only at the last day of the treatment. All four groups showed significant improvement with respect to pain interference with mood at the last day of treatment (transcranial DCS + visual illusion P = 0.028, transcranial DCS P = 0.01, visual illusion P = 0.026 and placebo P = 0.024). In the visual illusion and placebo groups none of the other variables changed significantly over time.
Changes in the anxiety scale
Baseline scores for anxiety on the NRS were similar among the four groups (P = 0.340). Anxiety decreased significantly after the last day of treatment in the transcranial DCS + visual illusion, transcranial DCS and visual illusion groups (P50.019) in comparison to baseline levels. This improvement was maintained at the first and the second follow-up visits only in the transcranial DCS + visual illusion group (P50.04). The placebo group did not show any significant changes.
Self-reported pain relieving effect of treatment
All patients rated the pain relieving effect of the treatment using the patient global impression of change (Fig. 3) after the last day of treatment. Five patients in the transcranial DCS + visual illusion (50%), three in the transcranial DCS (30%) and one in visual illusion (11%) groups rated pain as markedly improved ('much improved' or 'very much improved'), whereas only two patients of the placebo group (20%) rated their pain as improved and then only as 'minimally improved'. The between-group difference was statistically significant (P = 0.013).
Tolerability and safety
Three patients complained of mild headache during some of the active transcranial DCS sessions (mainly during the first session) but none described this side effect as seriously unpleasant, none considered discontinuing study participation (even though it was explicitly offered) and in all instances the discomfort disappeared within 2-3 h after the session finished.
Another three patients reported feeling tired after being engaged in fictive locomotion for the first time, and one patient with incomplete SCI reported a transient increase in neuropathic pain. These symptoms may have been due to focused attention and unaccustomed movements of the upper body executed during 15 min. One patient had to discontinue the movement during visual illusion because of musculoskeletal pain in the upper extremities. All these minor side effects disappeared after the end of the session and none of the patients indicated significant distress. As mentioned above, the one patient with increased neuropathic pain discontinued participation in the study, but in good measure this was due to the difficulties in securing reliable transportation to the hospital rather than solely due to the discomfort. 3 AE 1.9* 2.6 AE 2.2* 4.2 AE 3.1* Sleep 6.6 AE 3.6 1.6 AE 2.3* 1.5 AE 1.5* 2.5 AE 3.6 Enjoyment of life 7.3 AE 2.1 2.3 AE 1.5* 2.3 AE 1.8* 4.2 AE 3.4 Ability to get around 7.2 AE 1.9 1.8 AE 1.5* 2.6 AE 2.0* 3.8 AE 3.7 Relationships with others 5.7 AE 2.6 2.7 AE 2.1 2.0 AE 1.8 3.3 AE 2.5 Transcranial DCS group General activity 7.0 AE 2.6 4.0 AE 3.4* 5.1 AE 4.2 4.4 AE 3.4 Mood 5.8 AE 3.3 3.6 AE 3.2* 4.6 AE 3.8 4.4 AE 3.5 Ability to work and perform daily tasks 5.0 AE 3.2 3.0 AE 3.3 3.9 AE 4.0 3.9 AE 3.3 Sleep 3.7 AE 3.6 2.4 AE 2.7 2.6 AE 3.5 2.7 AE 3.3 Enjoyment of life 4.6 AE 3.3 3.2 AE 2.7 3.7 AE 3 4.6 AE 3.5 Ability to get around 4.9 AE 3.5 2.8 AE 3.0* 3.5 AE 3.3 4.1 AE 3.3 Relationships with others 3.7 AE 3.4 2.6 AE 3.0 3.0 AE 3.3 3.4 AE 3.7 Visual illusion group General activity 8.1 AE 1.7 6.1 AE 2.5 6.0 AE 3.1 7.4 AE 2.0 Mood 8.8 AE 1.3 5.5 AE 3.3* 6.1 AE 3.0 7.2 AE 2.2 Ability to work and perform daily tasks 7.0 AE 2.7 5.6 AE 2.6 6.4 AE 1.8 6.6 AE 2.9 Sleep 4.4 AE 3.6 3.7 AE 2.9 3.0 AE 3.5 4.6 AE 3.6 Enjoyment of life 7.1 AE 2.9 5.6 AE 1.4 5.6 AE 2.7 7.3 AE 2.3 Ability to get around 6.3 AE 3.4 5.2 AE 3.2 4.8 AE 4.1 7.2 AE 2.7 Relationships with others 6.5 AE 2.4 5.7 AE 2.6 4.3 AE 3.5 5.7 AE 3.5 Placebo General activity 6.4 AE 3.1 4.9 AE 2.8 6.3 AE 2.9 6.1 AE 2.4 Mood 7.7 AE 2.4 5.6 AE 3.5* 5.7 AE 2.3 5.9 AE 2.7 Ability to work and perform daily tasks 6.4 AE 2.7 5.8 AE 3.1 5.9 AE 2.6 5.6 AE 2.8 Sleep 4.5 AE 3.4 5.1 AE 3.4 3.5 AE 3.8 4.0 AE 3.8 Enjoyment of life 5.6 AE 3.3 5.4 AE 2.9 5.1 AE 3.3 4.7 AE 2.9 Ability to get around 6.7 AE 2.1 4.8 AE 3 6.0 AE 2.7 5.6 AE 2.6 Relationships with others 4.6 AE 3.5 4.5 AE 3.2 4.0 AE 3.0 3.9 AE 2.9
Assessment of blindness
At the end of the treatment sessions none of the patients could tell whether they had undergone real or sham transcranial DCS, even when explicitly asked. Force choice was at random level and there was no correlation between correct or incorrect guessing and any of the results described above.
Discussion
The present double blind, placebo-controlled study provides evidence that the combination of transcranial DCS and visual illusion significantly reduces neuropathic pain, continuous pain, paroxysmal pain, mechanical allodynia and dysaesthesias in patients with SCI, and can reduce the interference of pain with activities of daily living. We found that each isolated intervention also had some desirable effect: transcranial DCS resulted in an improvement in paroxysmal pain but no significant improvement in overall pain intensity, whereas in the visual illusion group improvement was significant for overall pain, continuous pain and dysaesthesias. The greater beneficial effect on the overall pain intensity perception was achieved despite the fact that at baseline, the mean subjective NRS of pain was highest for the transcranial DCS + visual illusion group, although the differences across groups were not statistically significant. The effects of the combined intervention on the overall pain intensity perception were also longer lasting that those of the other interventions in most of the clinical scales: after 10 treatment sessions two groups (transcranial DCS + visual illusion and visual illusion groups) experienced an initial reduction in the NRS pain score, but at the first follow-up evaluation patients in the transcranial DCS + visual illusion group maintained the improvement whereas there was a loss of efficacy in the visual illusion group. At the second and third follow-up evaluations, 4 and 12 weeks after treatment, respectively, the combined treatment group still presented a significant improvement, whereas there were no significant changes with respect to baseline in the other three groups. In addition to the analgesic effect, the combined transcranial DCS + visual illusion intervention also showed greater effect than the other three interventions on pain interference with activities of daily living and anxiety. Anxiety is closely linked to pain perception. Anxiety may contribute to the perception of pain and can exacerbate pain. On the other hand, perceptions of pain also cause anxiety. It is thus difficult to establish whether our interventions primarily affected anxiety and secondarily changed pain, or vice versa. In our study, the three active conditions (transcranial DCS + visual illusion, transcranial DCS and visual illusion) induced a reduction in the anxiety scores, with a slight advantage of the combined treatment group where the anxiety level continued to be decreased at follow-up. No reduction in anxiety score was found in the placebo group, thus controlling for the possibility that anxiety reduction could be simple related participation in the study. We speculate that the reduction in anxiety in the active intervention groups, particularly in the transcranial DCS + visual illusion group, is related to the reduction in chronic neuropathic pain. However, a direct, independent effect on anxiety cannot be ruled out. The effects on the activities of daily living are likely to reflect the combined impact on neuropathic pain and anxiety, but our study was not designed to disentangle the relative contributions of each factor.
Subtypes of neuropathic pain differentially responded to treatment
Neuropathic pain is a heterogeneous condition manifesting with a variety of symptoms (Finnerup et al., 2005; André -Obadia et al., 2008) and it is important to evaluate the subtypes of clinical neuropathic pain, because different pain subtypes may reflect different pathophysiological mechanisms (Attal et al., 2008; Costigan et al., 2009 ) requiring differential therapeutic interventions (Cruccu and Truini, 2009 ).
Our results demonstrate that each active treatment (transcranial DCS + visual illusion, transcranial DCS and visual illusion) had analgesic effects to variable degrees on different subtypes of neuropathic pain, while the placebo intervention had none (Table 2 ). Continuous pain improved in patients exposed to transcranial DCS + visual illusion, transcranial DCS and visual illusion just after treatment. Paroxysmal pain improved, in terms of intensity and number of pain crises, in patients exposed to transcranial DCS + visual illusion and transcranial DCS and the benefit lasted for 30 days after the end of the treatment. Mechanical allodynia was only clearly improved in the transcranial DCS + visual illusion group and dysaesthesias in the transcranial DCS + visual illusion and visual illusion groups. These observations suggest that transcranial DCS alone and visual illusion alone or in combination are therapeutic strategies that may be tailored to different types of neuropathic pain patients. Future studies might be designed to capture within patient effects in order to assess these important aspects further.
Effect of transcranial direct current stimulation
Anodal transcranial DCS is associated with an increase of cortical excitability that lasts beyond the stimulation period (Nitsche and Paulus, 2001; Nitsche et al., 2005) . Physiologic studies dating back to the 1960s suggest that transcranial DCS induces changes in neuronal membrane potential due to shifts in extracellular ion concentration (Nitsche et al., 2003) . Thus, transcranial DCS is thought to be a purely neuromodulatory intervention promoting synaptic plastic changes in response to combined inputs (Wagner et al., 2007) . Upregulation of motor cortex excitability might modify pain perception through indirect effects on pain-modulating areas, such as thalamic nuclei. Garcia-Larrea et al. (1999) proposed the 'thalamus pain-related structure pathway' as the substrate for pain relief induced by motor cortex stimulation. Positron emission tomography in patients undergoing epidural electrical motor cortex stimulation seems to trigger rapid and phasic activation in the lateral thalamus, which leads to a cascade of events of longer time-course in medial thalamus, anterior cingulated/orbitofrontal cortices and upper brainstem (Peyron et al., 2007) . Changes of thalamic activity are also associated with stimulation of the motor cortex by transcranial magnetic stimulation (Strafella et al., 2004) and transcranial DCS (Lang et al., 2005) . Because of the large electrode size, transcranial DCS is likely to have induced excitability modulation over a large area centred around the motor cortex and encompassing cortical areas representing the painful body segments. This may explain why in this study transcranial DCS applied to the motor cortex was effective in patients with neuropathic pain affecting different body parts, including lower limbs and trunk.
The finding that transcranial DCS, alone or combined with visual illusion, has a particularly strong impact on paroxysmal pain deserves further investigation into the mechanisms of action. The development of neuropathic pain after peripheral and SCI has been related to interruption of descending inhibitory tracts, loss of spinal inhibitory systems, changes in excitability of nocioceptive projecting neurons and central sensitization (Woolf, 2004; Finnerup et al., 2007; Costigan et al., 2009) . The short-term, activity-dependent form of central sensitization, which is produced only following activation of nocioceptive pathways, is considered responsible for generating pinprick hyperalgesia and dynamic allodynia, whereas the long-term potentiation phenomena could be related to long-term excitability and continuous pain sensations. Because transcranial DCS can modulate cortical excitability, it is tempting to speculate that its effects might be due to short-term suppression of the impact of bursting afferent activity. Further studies in humans and suitable animal models are needed.
Our findings are consistent with the results of Fregni et al. (2006) , who found that transcranial DCS in patients with SCI and pain paroxysms had a significantly greater reduction in their pain scores compared to patients with only continuous pain. It is worth noting, however, that the mean decrease in neuropathic pain intensity was higher in the study of Fregni et al. (2006) as compared with the results of the transcranial DCS group in the present study. The reason for this is not completely clear. Since the methodology for transcranial DCS was essentially the same in both studies, we can only speculate that the differences in characteristics of the patients are the possible explanation for the differential results. Indeed, the severity of SCI has been shown to variably influence hyperalgesia responses in experimental models (Yoon et al., 2004; Knerlich-Lukoschus et al., 2008; Redondo et al., 2009) . In the present study we established inclusion criteria more specifically related to neuropathic pain according to the International Association for the Study of Pain (IASP). In addition, we took great care in carefully characterizing the patients and applied specific and stringent inclusion and exclusion criteria aimed to study patients with different pain subtypes.
Effect of visual illusion
Studies of visual illusion in humans have shown that observation of a movement can affect corticospinal excitability and motor performance (Gangitano et al., 2001; Maeda et al., 2002; Garry et al., 2005; Kumru et al., 2008) . Brain imaging has demonstrated that movement imagery-during which subjects simply imagine making a body movement-activates many of the same regions activated by movement itself, including the primary motor cortex (Pascual-Leone et al., 1994 , 2005 . Kumru et al. (2008) proposed that imagining the performance of an action may lead to a transient enhancement in excitability of corticospinal projections and a reduction in intracortical inhibition in the motor cortex that is time-locked to the onset of the imagined muscle activity. Recently, Sakamoto et al. (2009) have shown that combining observation and imagery of an action further enhances corticospinal excitability as compared with what occurs during observation or imagery alone. Activity of the mirror neuron system may contribute to the increased effect of combining observation and imagery. Functional MRI studies have demonstrated that the areas activated during execution, observation and imagery of movements include overlapping loci in the dorsal premotor and superior parietal cortex where the frontoparietal mirror neuron systems are thought to exist (Filimon et al., 2007) .
The ability to perform motor imagery is preserved in SCI subjects and can evoke even stronger activation of motor cortex as that seen in healthy controls (Alkadhi et al., 2005) . Movement imagery of paralysed body parts in patients with SCI increases activity in the same brain regions as in healthy subjects, including primary motor cortex (Cramer et al., 2005) . Enzinger et al. (2008) and Hotz-Boendermarker et al. (2008) observed robust primary sensorimotor cortex activity within the expected somatotopy in patients with SCI when imagining movement.
Recently, two studies have analysed the effect of movement imagery techniques in patients with SCI with neuropathic pain, with conflicting results. The first study demonstrated a significant reduction in neuropathic pain induced by visual illusion of walking in patients with cauda equina injury (Moseley, 2007) . In the study by Moseley (2007) , the patients performed a single mirror visual feedback procedure. However, Gustin et al. (2008) reported exacerbation of pain in response to imagined movements in six of seven subjects with neuropathic pain following complete thoracic SCI. In this study the subjects undertook movement imagery training (performance of a movement imagery which also involved the sound). The different results between these studies may be due to the lesion level in the patients included, and also to the application of different cognitive strategies (illusion versus imagery of movement and associated sound) that can imply different neurological mechanisms (Chan et al., 2007) . The underlying mechanisms accounting for the success of such therapies remain to be elucidated.
Our results did not show marked improvement of neuropathic pain in the visual illusion group. We can speculate that the duration of therapy with visual illusion techniques alone may need to be longer than the relatively short period of time we applied. Previous studies reporting a beneficial effect of visual illusion on pain applied visual illusion treatment for a longer time, i.e. 3-8 weeks (Chan et al., 2007; Moseley, 2007; Maclver et al., 2008) .
Effect of combined treatment
Our subjects were instructed to watch a movie of walking legs and actively promote imagery of gait. Observation and imagery of movements enhances corticospinal excitability beyond either observation or imagery alone (Sakamoto et al., 2009) , and leads to greater reduction of intracortical inhibition (Kumru et al., 2008) . On the other hand, anodal transcranial DCS is associated with an increase of cortical excitability ( et al., 2003) . Thus, in the transcranial DCS + visual illusion combined intervention, we predicted synergistic effects. Consistent with this hypothesis, we found the most significant and long-lasting analgesic benefits in this combined intervention group. However, the actual mechanisms of action remain to be elucidated.
Conclusion and implications
In conclusion, our results demonstrate that transcranial DCS combined with visual illusion can be effective in the management of neuropathic pain following SCI. The benefits of this combined intervention were better and longer lasting than either intervention alone (transcranial DCS or visual illusion alone). The combined intervention was effective for reduction of the overall severity of neuropathic pain and various neuropathic pain subtypes (continues and paroxysmal pain, mechanical allodynia and dysaesthesias). These beneficial effects were achieved with minimal side effects and with good tolerability. Our results corroborate and extend previous findings about the analgesic effect of transcranial DCS (Fregni et al., 2006) and visual illusion (Moseley, 2007) alone, supporting the potential usefulness of these interventions in the care of patients with SCI. Future, larger and multi-centre trials are needed to assess fully the role of these interventions in the clinical management of the neuropathic pain after SCI. Challenges that remain include exploring the best parameters and timing of stimulation, optimizing the interventions for individual patients, and examining how to extend the duration of analgesic effects and how to maintain improvement in the long term. Further studies are also needed to investigate the mechanisms of action of transcranial DCS and visual illusion. At a more conceptual level, our findings show the potential advantages of combining rehabilitation strategies with non-invasive brain stimulation technique to optimize outcome.
